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Abstract. The mass budget of sea ice and its overlying snow cover integrates the thermodynamic and dynamic processes that

govern their variability. Here we investigate how Sankey flow diagrams, a widely used and intuitive data visualisation technique

for integrated budgets, can provide insight into sea ice and snow-on-ice mass budgets. We draw on multiple model sources,

including fully coupled climate models and an ERA5-forced ocean–sea ice reanalysis. The sea ice and snow-on-sea-ice budget

terms are defined following established Coupled Model Intercomparison Project protocols, area-integrated over the Northern5

and Southern Hemispheres for a prescribed modern-era climatological period (2015 to 2034), and displayed as flows whose

width is proportional to the annual mass flux. The sources and sinks are labelled by their percentage contribution to the total

budget, including the ensemble spread of each relative term. Both the climate model ensemble and the reanalysis show a similar

relative budget partitioning, an encouraging sign of reliability in our budget estimates. Overall, we find the diagrams provide

an accessible, process-level reference for understanding and visualizing the sea ice and snow mass budgets. The framework10

we provide is intended as a living resource that can be extended with additional climate simulation output (e.g. the upcoming

CMIP7 release) and ocean-sea ice reanalyses, as well as suggested changes in Sankey configuration (or alternative visualization

approaches) to emphasize different aspects of the mass budgets. This work has been undertaken in support of the IPCC Seventh

Assessment Report (AR7).
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1 Introduction

Sea ice is a central component of the polar climate system and a key indicator of global climate change (Notz et al., 2016;

Fox-Kemper et al., 2021). Its evolution is controlled by the competing effects of various thermodynamic growth and melt

mechanisms and the dynamic redistribution of ice and its overlying snow cover. Although the large-scale decline of Arctic sea

ice and the more complex behavior of Antarctic sea ice are relatively well documented (Notz and Stroeve, 2016; Parkinson,20

2019; Fox-Kemper et al., 2021), global climate models continue to exhibit wide spread in sea ice in terms of mean state,

variability and trends (Massonnet et al., 2018; Notz and SIMIP Community, 2020; Roach et al., 2020). The underlying mass

budgets, comprised of the individual sources and sinks that sum to the net change in ice and snow mass, offer a process-

level route to understanding this model spread. Multi-model budget assessments have been undertaken as far back as the

Coupled Model Intercomparison Project phase 3 (CMIP3; Holland et al., 2010), although these efforts have been sporadic25

and non-exhaustive. In the lead-up to the CMIP6 data release, the Sea Ice Model Intercomparison Project (SIMIP) provided a

community request for a standardized set of mass-tendency variables (Notz et al., 2016), enabling a more consistent, process-

level budget analyses, which has subsequently been undertaken comprehensively for the Arctic (Keen and Blockley, 2018;

Keen et al., 2021) and the Antarctic (Li et al., 2021).

A complementary development within terrestrial glaciology has come from the ice sheet community, where Mankoff et al.30

(2025) presented gross ice-sheet mass flows and their constituent terms as intuitive flow (Sankey) diagrams. The technique

dates back to one of its first published applications by Kennedy and Sankey (1898), who used a flow diagram to depict the

energy losses of a steam engine, and remains widely used across disciplines, from science and engineering to economics,

e.g. the International Energy Agency uses Sankey diagrams to visualise national energy balances from supply through to

final consumption (International Energy Agency, 2026). Such diagrams place all budget components on a common footing and35

make the relative magnitude of each flux immediately visible. To our knowledge, Sankey diagrams have not been applied to sea

ice and snow-on-sea-ice mass budgets to-date. While ice-sheet diagrams were largely designed on the available observational

synthesis of the constituent terms, this approach cannot be readily applied to sea ice, as observation-based, spatially complete

sources for the individual sea ice mass-budget fluxes do not currently exist. In this context, simulation output remains the

primary means of quantifying a closed sea ice and snow mass budget. Field campaigns and autonomous platforms, in particular40

the ice mass balance buoy (IMB) network (e.g. West et al., 2019; West and Blockley, 2025) offer a route towards observational

constraints on some of these terms via updated process understanding, and integrating such data is a key direction for future

work. However, such field campaigns do not allow for a comprehensive, year-round and basin-scale assessment of processes

governing sea ice and snow mass change. Satellite-derived estimates now provide an observationally constrained, year-round

Arctic sea-ice volume budget at basin scale (Heorton et al., 2025), but they do not resolve the individual thermodynamic mass-45

budget terms needed for a process-level Sankey diagram, nor do they extend to the Southern Ocean or the snow-on-sea-ice

budgets.

Motivated by the ice sheet Sankey effort from Mankoff et al. (2025) and in support of the IPCC Seventh Assessment Report

(AR7), here we test and describe analogous Sankey diagrams for the sea ice and snow-on-ice mass budgets of a subset of
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CMIP6-class models and a single atmosphere-forced sea ice reanalysis simulation. This effort grew directly out of discussions50

between AR7 chapter authors and the SIMIP community on how best to communicate the simulated sea ice mass budget

in an accessible, process-oriented way. Our goals here are twofold: (1) to provide a first look at how Sankey diagrams can

be developed and serve as a useful tool for visualising the sea ice and snow mass budgets; and (2) to examine how models

represent the individual budget terms, and in particular the substantial differences simulated between the Northern and Southern

hemispheres.55

This brief communication documents how the diagrams are produced and presents the multi-model ensemble (MME) mean

budgets for both hemispheres. To ensure our workflow is fully reproducible, we provide an accompanying open source GitHub

repository (https://github.com/cjcardinale/sea-ice-mass-balance) containing the processing code and Jupyter Notebooks that

generate the Sankey diagrams, along with further detail on the models and mass-budget variables currently available (Sect. 5).

The diagrams are not intended as an observationally-constrained assessment; rather, they are a reference visualisation that can60

be updated as further simulations, e.g. upcoming CMIP7 data, and observational constraints are added.

2 Data and methods

2.1 Models and simulations

Here we use output from ten CMIP6 models and the Community Earth System Model Large Ensemble (CESM2-LE). The

models were prioritized primarily by the availability of CMIP6 mass-budget outputs needed to construct the Sankey diagrams65

(Sect. 2.2). In addition, we use the CESM2 Large Ensemble (Rodgers et al., 2021) instead of the original CMIP6 CESM2

contribution as it provides 50 ensemble members, and fixed an existing issue with the output snow-ice budget terms in the

original CESM2 (and CESM2-WACCM) outputs. Budgets are computed using the ScenarioMIP SSP2-4.5 projection output

(O’Neill et al., 2016) over a 2015–2034 climatological window, averaged across all available ensemble members for each

model. CESM2-LE is only available during this window with the SSP3-70 scenario forcing, but atmospheric carbon dioxide70

concentrations and resulting global mean temperatures are only thought to notably diverge after our study period (O’Neill

et al., 2016). We secondarily prioritized the inclusion of models based on their performance in a recent plausibility assessment

(Petty et al., 2025) where the models used here generally show plausible mean (2018–2025) states relative to satellite-derived

sea ice area, total freeboard and winter Arctic sea ice thickness estimates and rank highly compared to other CMIP6 models,

as summarized further in the GitHub repository.75

In addition to the fully coupled models, we include a sea ice only mass budget assessment using output from an ERA5-forced

(Hersbach et al., 2020) global ocean–sea ice simulation using NEMO4–SI3 (the successor to the LIM model; Vancoppenolle

et al., 2023) at 1/4◦ nominal horizontal resolution over the period 2000 to 2024 (Richaud et al., 2026a). The output follows the

same CMIP6/SIMIP conventions plus the addition of a porous ridging ice mass gain term not provided in the CMIP6 models

(described in Sect. 2.2.1), with the data publicly available on Zenodo (Richaud et al., 2026b).80

The twelve models analyzed here, along with their associated sea ice model component, number of ensemble members and

availability of mass budget outputs are summarized in Table 1. Sea ice model diversity remains limited: six simulations use
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Table 1. Models, ensemble sizes, and diagnostic availability. All simulations provide the standard ice-budget, snowfall, and snowmelt terms

as described in Sect. 2.2, with exceptions and snow budget additions listed in the notes. Mems. is the number of ensemble members common

to the seven thermodynamic ice-budget diagnostics over 2015–2034.

Model or simulation Sea ice model Mems. Notes

Coupled models

Australian Community Climate and Earth System Simulator

– Climate Model version 2 (ACCESS-CM2; Bi et al., 2020)

CICE5.1.2 10 inc. snow-to-ice, snow dyn..

Community Earth System Model version 2 Large Ensemble

(CESM2-LE; Rodgers et al., 2021)

CICE5.1.2 50 inc. snow-to-ice, snow dyn., and vap. exch..

Whole Atmosphere Community Climate Model configuration

of CESM2 (CESM2-WACCM; Gettelman et al., 2019)

CICE5.1.2 5 inc. snow vap. exch..

CNRM Climate Model version 6.1 (CNRM-CM6-1; Voldoire

et al., 2019)

GELATO6.1 1 inc. snow-to-ice, snow dyn., and vap. exch..

CNRM Earth System Model version 2.1 (CNRM-ESM2-1;

Séférian et al., 2019)

GELATO6.1 1 inc. snow-to-ice, snow dyn., and vap. exch..

EC-Earth version 3 (EC-Earth3; Döscher et al., 2022) LIM3 20 inc. snow-to-ice, snow dyn., and vap. exch.; lateral

melt and dynamics not archived/available.

Hadley Centre Global Environment Model version 3, Global

Coupled configuration 3.1, Low Resolution

(HadGEM3-GC31-LL; Kuhlbrodt et al., 2018)

CICE5.1.2 5 inc. snow-to-ice and snow dyn..

Institut Pierre-Simon Laplace Climate Model version 6A,

Low Resolution (IPSL-CM6A-LR; Boucher et al., 2020)

LIM3 11 inc. snow-to-ice, snow dyn., and vap. exch.; lateral

melt not archived and dynamics excluded

(includes porous ridging term).

Meteorological Research Institute Earth System Model

version 2.0 (MRI-ESM2-0; Yukimoto et al., 2019)

MRI.COM4.4 5 inc. snow-to-ice, snow dyn., and vap. exch. Ice

dynamics excluded (anomalous residual).

Norwegian Earth System Model version 2, Low Resolution

(NorESM2-LM; Seland et al., 2020)

CICE5.1.2 14 inc. snow-to-ice and wind drift.

UK Earth System Model version 1.0, Low Resolution

(UKESM1-0-LL; Sellar et al., 2019)

CICE5.1.2 4 inc. snow-to-ice and snow dyn. vap. exch..

Atmosphere-forced model

NEMO-SI3 ocean-sea ice, ERA5-forced (NEMO4–SI3;

Vancoppenolle et al., 2023; Richaud et al., 2026a)

SI3 1 inc. snow-to-ice, snow dyn., and vap. exch.. For

ice also inc. porous ridging.
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CICE5.1.2, two use LIM3 (EC-Earth3 and IPSL-CM6A-LR), two use GELATO6.1, and one uses MRI.COM4.4. A similar low

sea ice model diversity was noted in Keen et al. (2021) despite their use of a larger model subset. In addition, several models

share the same atmosphere or ocean model component. Regardless, we hope to simplify the inclusion of additional model85

outputs and enhanced model diversity in follow-up efforts through our inclusion of analysis code/notebooks.

2.2 Budget variables

Budget terms follow the SIMIP definitions for the sea ice and snow on sea ice mass tendencies (Notz et al., 2016). We sum-

marise below the processes as implemented in typical CMIP6-class sea ice models, drawing on available sea ice model doc-

umentation (Hunke et al., 2015; Vancoppenolle et al., 2012) and thus update the definitions in Notz et al. (2016) where ap-90

propriate. The exact formulations can vary between models and model versions as discussed in Keen et al. (2021), which

we also aim to make clear in the relevant subsections below. In addition, the availability of these variables differs between

models and is summarised for the twelve models used here in Table 1. The full CMIP6 archive output availability through

the Earth System Grid Federation (ESGF), is provided on our GitHub (https://github.com/cjcardinale/sea-ice-mass-balance),

which also includes the various post-processing steps required to ensure output is consistent with the SIMIP definitions/units95

across all models. Note also that some of these variable names are changing for CMIP7 (https://wcrp-cmip.org/cmip-phases/

cmip7/cmip7-data-request/) which we identify in the relevant subsection headers below.

We present the ice and snow budgets separately for clarity, but note that they are physically coupled through snow-to-ice

conversion and that one could consider a combined snow+ice budget. All CMIP6 models represent sea ice mass as ice volume

multiplied by a constant bulk ice density. Brine and gas inclusions do not explicitly contribute to the reported mass, even in100

models that represent brine (e.g. through mushy-layer or prognostic-salinity schemes).

2.2.1 Sea ice mass sources

Basal growth (sidmassgrowthbot) represents the vertical thickening of existing ice at its base. This occurs when the

conductive heat flux through the ice exceeds the ocean-to-ice heat flux such that seawater freezes onto the ice bottom (also

called congelation growth).105

Open water ice production (sidmassgrowthwat) represents the formation of new ice in open water. The volume of

new ice is derived from the ocean surface heat loss and is typically added over the open-water fraction of the cell assuming

some initial thickness to calculate the areal fraction of new ice (see next paragraph). As such, this term represents new-ice

creation rather than thickening of existing ice. This term is sometimes labelled “frazil” (following the SIMIP shorthand for

“growth in supercooled open water”), but most models do not explicitly resolve frazil-crystal dynamics and instead simply110

diagnose new-ice formation over the open-water fraction from the surface heat loss.

Importantly, the split between open water production and basal growth is largely a model-parameterization dependent classi-

fication rather than a physical distinction, as it hinges on each model’s prescribed thickness of new ice. If that value is small, a

given volume of new ice covers a larger area, open water closes more rapidly, and subsequent growth is preferentially diagnosed

as basal (congelation) growth; if it is large, open water persists longer and the contribution of new-ice formation increases. This115
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thickness ranges from 0 to ∼10 cm across CMIP6 models (most use 5 cm), such that models with a zero value report almost no

open-water production while those with a 10 cm value report roughly double the amount from models using 5 cm (Keen et al.,

2021). Due to the somewhat subjective definitions of the boundary between the basal growth and open water ice production

terms, we also combine those two into a secondary “Ocean Growth” node in the Sankey diagram (see below).

Snow-to-ice conversion (CMIP6: sidmasssi, sidmassgrowthsi in CMIP7) represents snow-ice formation that oc-120

curs when a heavy snow load depresses the snow-ice interface below sea level. Seawater then floods and refreezes in the

submerged snow pack, effectively converting snow into sea ice, thus contributing a source of ice mass. Note that this is dis-

tinct from superimposed ice, in which slush, developing due to water from surface snowmelt or rain, refreezes at the snow-ice

interface, which is not included in any of the models featured here. The associated snow-mass loss is described separately in

Sect. 2.3.1.125

Porous ridging term represents ice formation when seawater trapped between ice blocks in newly formed pressure ridges

freezes. Unlike the mechanical ridging, which redistributes existing ice (described below in the sea ice dynamics term), this

process transfers mass from the ocean to the ice and can therefore contribute to the hemispheric ice mass budget. This process

is unique to our forced NEMO4-SI3 simulation (Vancoppenolle et al., 2023; Richaud et al., 2026a). Note that this term is also

included in the IPSL-CM6A-LR model, but is combined with transport/advection into an aggregated dynamics term which we130

do not include in this study to avoid inconsistencies with other model definitions.

2.2.2 Sea ice mass sinks

Top melt (sidmassmelttop) represents melt at the upper ice surface when the net surface energy balance is positive

(surface held at the melting point, with excess energy melting snow first and then ice. This term thus only contributes to sea ice

mass loss in the absence of an overlying snow layer.).135

Basal melt (sidmassmeltbot) represents melt at the ice base when the ocean heat flux exceeds the conductive flux into

the ice.

Lateral melt (CMIP6: sidmasslat, sidmassmeltlat in CMIP7) represents melting of the vertical sides of ice floes,

parameterised typically through a prescribed melt rate based on ocean surface temperature and an assumed floe size and shape.

As in the growth terms, basal and lateral melt are grouped into a secondary “Ocean Melt” node, as these represent melt140

based on similar ice-ocean energy imbalance, such that increases in lateral melt typically result in decreases to basal melt and

the distinction is currently largely model-dependent.

Surface vapour exchange over sea ice (sidmassevapsubl) represents sea-ice mass exchange with the atmosphere

through evaporation or sublimation (mass loss) and vapour deposition (mass gain). It is the only thermodynamic term that can

contribute either an ice mass loss or gain and is typically set to zero in the presence of a snow layer (see snow term below).145

2.3 Snow on sea ice mass sources

Snowfall (CMIP6: sndmasssnf, sisndmasssnf in CMIP7) represents solid precipitation onto the ice and is the primary

source of snow on sea ice.

6

https://doi.org/10.5194/egusphere-2026-5596
Preprint. Discussion started: 19 October 2026
c© Author(s) 2026. CC BY 4.0 License.



2.3.1 Snow on sea ice mass sinks

Snowmelt (CMIP6: sndmassmelt, sisndmasssnf in CMIP7) represents ablation of the snow pack when the net surface150

energy balance is positive. Snow is melted preferentially before the underlying ice. Most of this melt water generally enters the

ocean, although melt ponds (if represented) can delay this through meltwater pooling.

Snow-to-ice conversion (CMIP6: sndmasssi, sisndmasssi in CMIP7) represents the loss of snow mass during the

flooding and snow-ice formation process described in Sect. 2.2.1. This snow-on-sea-ice mass sink is not necessarily equal to

the sea ice mass gain term. Some models form snow ice by effectively compressing snow to the density of sea ice, so the two155

terms balance. Others include seawater in the mass budget, with seawater supplying about two thirds of the new sea ice mass;

in that case the ice-mass gain is about three times the snow-on-sea-ice mass loss.

Wind drift (CMIP6:sndmasswindrif, sisndmasswind in CMIP7) represents the loss of blowing snow from the ice

into the ocean. This is not commonly parameterized in CMIP-class models (indeed only NorESM2-LM of the investigated

models includes this variable and provides the output).160

Surface vapour exchange over snow-on-sea-ice (CMIP6: sndmasssubl, sisndmasssubl in CMIP7) represents

snow-mass loss through sublimation or gain through vapour deposition. As in the equivalent ice term, this the only term

that can contribute either a snow mass loss or gain.

2.4 Sea ice and snow dynamics

Sea ice dynamics (CMIP6: sidmassdyn) represents the local ice mass tendency due to horizontal transport and mechanical165

redistribution. Conventional, non-porous ridging and rafting redistribute ice across thickness categories but conserve total ice

mass. Consequently, sidmassdyn should make no net contribution when integrated over an entire hemisphere, apart from

numerical or diagnostic residuals. Over a constrained regional domain, however, it can represent net ice import or export across

the boundaries.

Snow dynamics (CMIP6: sndmassdyn, sisndmassdyn in CMIP7) represents the corresponding local snow-mass ten-170

dency associated with transport by the drifting sea ice. Its conservative transport component likewise integrates to zero over an

effectively closed domain. In some models, however, the diagnostic also includes snow removed during mechanical redistri-

bution. For example, the standard CICE5 configuration retains 50 % of the snow on ice participating in ridging and transfers

the remainder to the ocean (Hunke et al., 2015). The snow-dynamics term can thus contribute a non-zero contribution to the

hemispheric snow budget even without transport across a domain boundary.175

2.5 Flux calculations and Sankey diagram construction

Fluxes are area-integrated over the Northern and Southern Hemispheres, which are then refered to as Arctic and Antarctic

estimates herein. In addition, we include an example for a more constrained Inner Arctic Ocean (IAO) domain, defined using

the combined Central Arctic, Beaufort Sea, Chukchi Sea, E. Siberian Sea, Kara Sea and the Barents Sea taken from the National

Snow and Ice Data Center Arctic regional mask (National Snow and Ice Data Center, 2021). This follows the same regional180
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masking approach of the Keen et al. (2021) CMIP6 mass balance assessment and provides insight into the contribution of

dynamics (snow and ice export out of the Arctic).

Each per-area flux (kg m−2 s−1) is multiplied by the native model grid-cell area and summed over the domain to give

a total mass flux in Gt yr−1. Using monthly data, we first form an annual sum for each calendar year, then average those

annual totals over 2015–2034 for each ensemble member, and finally average across the available ensemble members of each185

model. All available members are then treated equally when forming the multi-model ensemble (MME) mean, so models that

provide larger ensembles (in particular CESM2-LE, but also EC-Earth3, NorESM2-LM and IPSL-CM6A-LR) contribute more

weight than the single-member models. An alternative would be to calculate individual model means prior to generating the

multi-model mean, or retain only one member from each model, giving each model equal influence (as in Notz and SIMIP

Community (2020)); we did not do so, in order to increase the number of members used in this analysis and to provide a more190

complete estimate of uncertainty. Before integration, several models require corrections to enforce a common sign convention

(losses negative, gains positive) and a common area basis (per grid-cell rather than per sea-ice area) which are documented in

the GitHub repository (Sect. 5). Finally, with the time-mean ensemble-mean budget terms, we compute percentages for each

sink term relative to the total sinks (and each source term relative to the total sources).

For each hemisphere, the integrated fluxes are incorporated into a a Sankey diagram (Figs. 1–2), with ribbon width propor-195

tional to the annual mass flux. Sources enter the central reservoir (sea ice or snow) from the left and sinks leave to the right. A

small “residual” flow closes the budget where sources and sinks do not exactly balance, which is expected to reflect primarily

the overall mean mass tendency over our study period. The Sankey ribbon widths are normalized across both hemispheres (we

divide all terms across both diagrams by the largest term available in either diagram, 21,401 Gt/yr for ice and 4,8201 Gt/yr for

snow, absolute mass budget terms are provided in the GitHub) so that the ribbon widths can be compared visually across both200

hemispheres. Each flow is then labelled by its percentage contribution to either the source of sink totals, which we consider

the most robust way to present the terms given the model uncertainties discussed above; the accompanying notebook (Sect. 5)

includes the option to label the flows with absolute fluxes (Gt yr−1) instead. The figures also include a reference scale bar

(10,000 Gt yr−1 for sea ice and 2,000 Gt yr−1 for snow-on-sea-ice) to help visualize the absolute quantities. Ensemble spread

is shown as a range on each term’s percentage contribution, obtained by varying that term across the available ensemble mem-205

bers while holding all other terms fixed at their MME-mean values. Ensemble spread is shown as a percentage range on each

budget term label, obtained by varying that term across the available ensemble members while holding all other terms fixed

at their MME-mean values. The intra-ensemble spread in just the CESM2-LE output (not shown) is much smaller than the

multi-model range, indicating that the label ranges are dominated by inter-model differences rather than intra-model internal

variability.210

The diagrams are rendered with the plotly Python library (Plotly Technologies Inc., 2015); a Jupyter notebook that

reproduces them, together with an up-to-date list of the available models and variables, is included in the GitHub repository

(Sect. 5).
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3 Results

Figure 1. Multi-model ensemble (MME) mean sea ice mass budget for (top) the Arctic and (bottom) the Antarctic, 2015–2034. Ribbon

width is proportional to the annual mass flux (Gt yr−1); sources enter the central sea-ice reservoir from the left and sinks leave to the right,

with thermodynamic terms grouped into “Ocean Growth” and “Ocean Melt” nodes. Flux widths are normalized across both hemispheres

consistently (we divide all terms across both diagrams by the largest term available in either diagram). Node labels give each term’s MME-

mean % share of its side’s total, together with the range that share would span if that term were varied across the available ensemble

members while all other terms were held at their MME-mean contribution. The white scale bar on the left can be used to convert each term

to an absolute quantity in Gt yr−1.

In both hemispheres, the MME-mean sea ice mass budget (Fig. 1) is, to first order, a balance between thermodynamic growth215

and thermodynamic melt, with basal (congelation) growth the largest single source and basal melt the largest single sink. A

sea ice dynamic term does not appear in the hemispheric-scale Sankey diagrams since the dynamics reorganizes the mass
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distribution locally (Sect. 2.4). It is included in the snow diagrams as several models permit snow to be lost through ridging,

contributing a net sink even at hemisphere-scales. The snow budgets (Fig. 2) are, unsurprisingly, dominated by snowfall as

the primary mass source. Because the diagrams each share a common flux normalization (the sea ice and snow figures are220

normalized separately), the significantly higher Antarctic snowfall relative to all other snow mass terms is directly apparent.

These hemispheric-wide, annual mean results, mask the significant underlying seasonal and regional variability, as well as the

contribution of dynamics at more regional scales.

Figure 2. As Fig. 1, but for the MME-mean snow on sea ice mass budget. Flux widths are again normalized consistently across both

hemispheres.

In addition to these shared hemispheric features, a few first-order contrasts stand out in the percentages (quoted next to each

term; Figs. 1–2) of the total sources or sinks within a budget. (i) Snow-to-ice conversion is a large Antarctic sea ice source225

but minor in the Arctic: conversion of snow into sea ice accounts for ∼26 % of sea ice formation in the Antarctic versus

∼4 % in the Arctic, alluding to a central role of snow-ice (flooding) formation in the Antarctic budget. Arctic ice growth is

instead dominated by basal (congelation) growth (∼74 % versus ∼44 % of sources), while the Antarctic has proportionally

larger open-water-production (∼29 % versus ∼22 %) and snow-ice contributions. (ii) Surface (top) melt is a major Arctic sea
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Figure 3. Sea ice mass budget for the ERA5-forced NEMO4–SI3 ocean–sea ice simulation (Richaud et al., 2026a), 2000–2024, for the (top)

Arctic and (bottom) Antarctic. Conventions are as in Fig. 1, but also including a porous-ridging growth term unique to this model (Sect. 2.4).

Budget percentage contributions are calculated relative to the total sources or sinks of this model output whereas ribbon widths retain the

normalization used in Fig. 1, permitting qualitative comparison of flux magnitudes across figures.
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ice mass sink but essentially absent in the Antarctic: top melt accounts for ∼25 % of Arctic sea ice loss but only ∼3 % in the230

Antarctic, where ice loss is almost entirely basal (∼94 % basal melt, versus ∼68 % in the Arctic). This near-absence of top ice

melt does not imply an absence of surface melting: models melt snow preferentially, so a thicker, more persistent Antarctic

snow cover (Fig. 2) routes surface ablation into snowmelt rather than top ice melt. (iii) Antarctic snow is lost mainly through

snow-to-ice conversion (∼46 % of snow sinks, versus ∼30 % snowmelt), whereas in the Arctic snow melt dominates (∼55 %)

and snow-to-ice conversion is comparatively small (∼15 %).235

The remaining terms – lateral melt, evaporation/sublimation, snow wind drift, the dynamics/export residual, and the par-

titioning of open water production versus basal growth (Sect. 2.2.1) – are secondary in magnitude. We also attach lower

confidence to them, in the sense that they are less consistently available or defined across the ensemble (Table 1), more sensi-

tive to parametrization choices, and in some cases provided by only one or a few models (e.g. wind drift from NorESM2-LM

only). The open-water versus basal-growth split is a particularly clear example: it is controlled largely by the prescribed thick-240

ness of new ice rather than by a distinct physical process (Sect. 2.2.1). More generally, the ratio of ensemble spread to the

MME contribution is indicative of confidence in each term: a small ratio implies that models largely agree on that contribution,

whereas a large ratio implies that the quoted budget term share is poorly constrained by the models. Arctic basal growth and

basal melt have a lower ratio compared to the other terms and could therefore be considered higher-confidence, with the caveat

again that these are still model-based estimates. A more systematic, IPCC-style confidence assessment is discussed in Sect. 4.245

The ERA5-forced NEMO4–SI3 simulation (Fig. 3) shows a remarkably similar relative budget to the CMIP6 MME (Fig. 1),

with the same dominant terms and hemispheric contrasts despite an observationally constrained atmosphere versus free-running

coupled models and a different sea ice component. In the Arctic, NEMO4–SI3 partitions ice growth into ∼75 % basal growth

and ∼16 % open water production and ice loss into ∼62 % basal and ∼24 % top melt; in the Southern Ocean snow-to-ice

conversion (∼32 %) is again a major source and basal melt (∼87 %) dominates the loss, closely matching the coupled-model250

percentages above. One difference is that NEMO4–SI3 reports a porous-ridging growth term explicitly (Sect. 2.2.1), a small

but distinct ice source (∼6 % in the Arctic and ∼3 % in the Antarctic) that the coupled models do not account for. Using

Sankey diagrams to compare these sources does, however, require explicit choices. In Fig. 3 we keep the MME hemisphere-

wide ribbon normalization so that flux magnitudes can be compared by eye, while the percentage labels use this simulation’s

own source and sink totals. We can see that despite the similar relative split, the ERA5-forced simulation shows a higher255

total mass reservoir compared to the CMIP6 MME. One could instead normalize each diagram independently, which would

emphasise relative partitioning, or drop the shared scale altogether, which would emphasise mean-state biases that are larger

in the un-normalized fluxes.

To highlight the inclusion of a dynamic ice export term explicitly, we additionally calculate these budgets within a con-

strained inner-Arctic-Ocean domain (Fig. 4). In this budget, net dynamical ice export accounts for approximately 10 % of the260

total mass loss, making it secondary to thermodynamic melt but nevertheless a substantial component of the regional budget.

Because the Inner Arctic Ocean Sankey ribbons retain the normalization used in our full Arctic results, their widths provide a

basic visual comparison of flux magnitudes between the two domains. The percentage labels, however, have different domain-

specific denominators and should not be compared directly.
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Keen et al. (2021) adopted this approach for their CMIP6 Arctic sea ice mass budget, computing budgets over an Arctic265

Ocean basin domain, where the net advection of ice across its boundary (dominated by export through the Fram Strait) con-

tributed significantly (9–30 % of the total annual ice loss). The approach translates less directly to the Southern Ocean, which

lacks a confining basin or coastline, but a latitude- or sector-limited domain could serve a similar purpose (Richaud et al.,

2026a).

Figure 4. As in Fig. 1, but calculated over an Inner Arctic Ocean domain. This version includes an explicit ice advection/export term, along-

side the thermodynamic sources and sinks, complementing the hemispheric budget in Fig. 1 (see Sect. 2.4). Budget percentage contributions

are calculated relative to the total sources or sinks within this Inner Arctic Ocean budget, whereas ribbon widths retain the normalization

used in Fig. 1, permitting comparison of flux magnitudes on a common scale.

4 Discussion270

Several caveats apply to the results presented in this Brief Communication. The budgets are generated from model output only

and are not observationally-constrained, although the models used here generally show plausible mean states across multiple

metrics (Petty et al., 2025). The ensemble we use here is relatively small (eleven coupled models plus one forced simulation)

and is primarily used as a first-order example of how to construct Sankey diagrams and visualize budget differences across

hemispheres. Because all ensemble members are treated equally, models with larger ensembles contribute more weight to the275

MME and to the label ranges; using a single member per model would equalise model influence but would reduce the sample.

The much smaller CESM2-LE intra-ensemble spread relative to the multi-model range indicates that most of the spread is still

inter-model.

The snow budgets are considered more uncertain than the ice budgets owing to inconsistent and incomplete snow flux output

across models, e.g. wind drift is only provided by the NorESM2 (Table 1).The snow wind-drift term represents snow blown off280

the ice and lost to the ocean, so, in contrast to other dynamics terms, is a genuine sink from the snow budget even at regional

scales, however the inclusion of this parameterization is missing from the majority of CMIP-class models. Open water ice

production (“frazil”) diagnostics are computed inconsistently across models and warrant further investigation. The remaining
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secondary terms identified in Sect. 3 (lateral melt, surface vapour exchange, snow wind drift, the mean mass tendency residual,

and the partitioning of open-water production versus basal growth) should likewise be interpreted cautiously.285

An important next step, and one already established practice in the ice-sheet community, is to attach a level of confidence

to each term to guide interpretation, including for IPCC-level assessment (an expected utility of these diagrams). The ratio of

ensemble spread to the MME contribution provides a first-order guide to model confidence: a small ratio implies higher inter-

model agreement/internal variability, whereas a large ratio implies low agreement and lower confidence. Arctic basal growth

and basal melt terms show notably lower ratios and could therefore be considered higher-confidence terms. Because CESM2-290

LE internal spread is much smaller than the multi-model range, those label ranges mainly reflect inter-model disagreement

rather than intra-model variability. This is still only a model-only diagnostic of agreement, not a full confidence assessment: it

does not capture missing physics, incomplete output, or the lack of observational constraints. Most other terms would presently

be assigned low confidence, consistent with Li et al. (2021), who found Antarctic inter-model spread of the same order as the

multi-model mean, especially in snow-ice, basal-melt and top-melt. A systematic assessment, ideally distinguishing absolute295

fluxes from relative shares and anchored to observational benchmarks such as the satellite-derived Arctic volume budget of

Heorton et al. (2025) and the IMB-based flux evaluation of West and Blockley (2025), remains a priority for future work.

The exercise of visualising these budget terms increases the need to reassess some of the established SIMIP labels and

conventions. The open water ice production (new-ice formation) term (sidmassgrowthwat), referred to in Notz et al.

(2016) as “frazil" is a good example: as noted above, it is better understood in our view as the parameterization of open water300

ice production (new-ice formation) of various young ice types, e.g. pancake ice, than as explicit frazil-crystal formation. As

these diagnostics move from a specialist model-intercomparison context towards wider use in assessments such as AR7, clearer

and more physically transparent naming would help non-specialist users interpret the terms correctly.

Finally, we note that Sankey diagrams are only one of several ways these budgets could be communicated, and a bar chart

of the same integrated fluxes would arguably convey similar information (as used in, e.g., Keen et al., 2021; Li et al., 2021).305

Whatever the format, the normalization should be adapted to the objective of the figure: a shared scale across hemispheres, as

used here, simplifies comparisons between the relative budgets of each hemisphere; independent per-diagram normalization

emphasises the internal partitioning of a single budget; and un-normalized fluxes emphasise differences in absolute magnitude,

for example between periods, regions, ice versus snow, or a forced simulation and the coupled MME. Additional options to

explore include grouped or stacked bar charts (which more readily accommodate inter-model spread and uncertainty ranges),310

seasonal-cycle decompositions of each term rather than annual integrals, spatial maps of the dominant local source and sink

terms, spatial maps showing the net transfers of mass between regions, and interactive versions of the diagrams (which plotly

supports natively) allowing users to toggle between models, hemispheres, percentages and absolute fluxes. We encourage

community feedback and discussion on which of these approaches would be most useful and worth pursuing in future model

assessment efforts.315
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5 Conclusions

We have presented a compact set of Sankey diagrams that summarise the sea ice and snow-on-ice mass budgets of current

CMIP6-class models, following the constituent-flux visualisation recently adopted for ice sheets (Mankoff et al., 2025) and

building on the SIMIP mass-budget framework and assessments (Notz et al., 2016; Keen et al., 2021). The budgets shown here

are derived entirely from model simulations. They illustrate how the models represent these fluxes and should not be inter-320

preted as an observed budget. Nevertheless, the coupled models and the forced simulation show similar first-order hemispheric

contrasts in the relative budgets: Arctic ice growth is more basal-dominated than the Antarctic, Arctic ice loss includes a larger

top-melt share, and snow-to-ice conversion plays a larger role in the Antarctic ice and snow budgets. These contrasts should

be read as features of the simulated budgets. The ratio of ensemble spread to the MME contribution offers a first guide to

confidence: Arctic basal growth and basal melt have a low ratio and can be treated as higher-confidence terms, whereas most325

other terms – and the snow-ice terms in particular – remain highly uncertain given incomplete snow budget outputs and large

inter-model spread.

The diagrams are intended as a living, openly available reference that can be updated as new data and approaches are made

available. Planned extensions include adding further CMIP6 models, incorporating CMIP7 output as it becomes available,

additional forced ocean–sea ice simulations building on the ERA5-forced comparison presented here (Fig. 3), and observational330

constraints from field campaigns and buoy networks (West et al., 2019; West and Blockley, 2025). Overall, we hope these

diagrams provide an accessible entry point to the simulated polar sea ice and snow mass budgets in support of AR7.

Code availability. The processing code and a Jupyter notebook that computes the budgets and generates the Sankey diagrams with the

plotly Python library (Plotly Technologies Inc., 2015), along with individual model versions and up-to-date documentation of the available

models and mass-budget variables, are openly available at https://github.com/cjcardinale/sea-ice-mass-balance (a Zenodo archived version335

DOI to be added on release).

Data availability. CMIP6 model output was primarily accessed from Earth System Grid Federation (ESGF) data nodes, using the intake-

esgf Python package (developed under the ESGF2-US project) to search and download native-grid SImon variables for each model. Where

available, cloud-hosted datasets (e.g., https://cmip6-pds.s3.amazonaws.com/pangeo-cmip6.json) were accessed using the intake-esm Python

package. CESM2 Large Ensemble (CESM2-LE) data are publicly available from the NCAR Geoscience Data Exchange (GDEX; dataset340

d651056, https://gdex.ucar.edu/datasets/d651056/); for computational efficiency, data were accessed via NCAR campaign storage on the

glade filesystem. More information on data access is available at https://github.com/cjcardinale/sea-ice-mass-balance. The ERA5-forced

NEMO4–SI3 ice mass fluxes are available on Zenodo (https://doi.org/10.5281/zenodo.18347836; Richaud et al., 2026b).
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